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Introduction

3
Determining the efficacy of on-farm killing methods for individual birds is essential to poultry 42 welfare in both commercial and non-commercial contexts. Poultry may need to be killed on farm 43 or in backyard flocks for several reasons (e.g. in an emergency for small-scale disease control or 44 injury, and for stock management). Emergency killing of large numbers of birds are often 45 controlled by whole-house or containerised gas methods, or birds may be transported for 46 slaughter and then slaughtered using gas or electrical waterbath stunning methods. However, for 47 individual birds on-farm, there are two key methods for killing poultry: (1) cervical dislocation, 48 which is designed to cause death by cerebral ischemia and extensive damage to the spinal cord . It has been suggested that optimal application also produces a concussive effect on the 
Materials and Methods
101
Animal housing and husbandry
102
A total of 180 female chickens were used for the study. The birds were tested in two batches of 103 90 birds on separate days. In each batch 15 layers and 15 broilers, each divided into two age 104 classes (either 7 or 8 birds per type/age-class depending on the day tested, but always totalling 15 105 over the two days), were assessed for each of the three killing treatments (N=15). Further details 106 about the birds and their accommodation are provided in Table 1 . The sample size was chosen to 107 allow significant differences to be identified in behavioural data which is prone to high 108 6 individual variation across two bird types and two bird age groups (within type) across three 109 killing treatments. A minimum of 12 birds were calculated to provide sufficient power in the 110 analysis (88%), however an additional 3 birds were used per treatment group in order to 111 compensate for any unsuccessful birds and therefore the loss of valid behavioural data.
113
Upon arrival all birds were individually weighed and wing-tagged. The birds were housed for a 114 minimum of one week prior to the experiment commencing in order to allow acclimatisation to 115 the new housing environment. All birds were housed in floor pens with wood-shavings litter at 116 lower than commercial stocking density in separate rooms per bird type and age group (Table 1) treatments and post-mortem assessments were applied by one trained and experienced operator.
186
A stepwise approach was in place with end points in place if killing treatments reached a level of 187 failure (< 70%). However, the number of kills which were unsuccessful occurred intermittently 188 throughout the two batches and therefore the pre-defined end point was never reached.
190
The efficacy of the devices was determined in two ways: (1) durations of reflexes post treatment pupillary reflex -concealed due to damage to the eye) the data was recorded as missing. For cervical dislocation killing treatments, seven specific post-mortem measures were assessed.
225
Four binary measures (yes/no) were recorded for dislocation of the neck, vertebra damage (e.g. vertebra. The number of carotid arteries severed (0, 1, or 2) was also noted.
231
Kill success was defined as only one application attempt with no signs of recovery (e.g.
232
sustained and/or return of rhythmic breathing and jaw tone, for example sub-sets of data to remove failure birds (i.e. kill success "no") in order to prevent data skewing.
261
All post-mortem binary measures (e.g. skin break yes/no) and categorised measures (e.g. brain
262
damage grade) were analysed via GLMMs using logit link function and binomial distribution.
263
Device success was used as a fixed effect within all the models. affected by bird type and bird age (Table 4) , with broilers and younger birds having shorter 323 maximum duration times compared to layers and older birds ( have an effect. The key differences relating to the interaction between kill treatment and bird 337 type were that the MZIN and NMCD showed that broilers had shorter jaw tone durations (6.5 ± 338 1.7 s) compared to layers (11.0 ± 1.8 s), but the MCD showed no differences between bird types 339 (broiler = 6.5 ± 1.7 s; layer = 7.0 ± 1.9 s). The interaction between bird age and kill treatment 340 demonstrated that for the MCD and MZIN there were no differences between different bird ages 341 on jaw tone maximum durations. For the NMCD broiler chicks had the shortest jaw tone 342 durations (3.0 ± 1.6 s versus 8-14 s), but layer pullets were shown to have the longest durations 343 (14.0 ± 3.1 s), while broilers (slaughter age) and layer hens had no significant differences (range 344 8-10 s).
346
The percentage of successfully-killed birds that exhibited various reflexes and involuntary 347 behaviours varied by killing treatments, although the MCD and NMCD were similar (Table 6 ).
348
For nictitating membrane and pupillary reflexes, both the MCD and NMCD had numerically 
367
Bird type (F 1,103 = 32.00, P < 0.001) and bird age (F 1,103 = 32.14, P < 0.001) had significant 368 effects on dislocation level, with layers and older birds more likely to be subject to lower 369 dislocations (≥ C1-C2) compared to broilers and younger birds. Dislocation level had no effect 370 on the maximum durations for all reflexes and behaviours.
372
The NMCD caused 0% vertebrae damage as a result of the dislocation, but the MCD caused 373 damage in 3.3% of birds, however the difference was not significant (F 1,103 = 2.02, P = 0.158).
374
There was an interaction between killing treatments and bird age (F 2,103 = 4.43, P = 0.038), with (Table 7) . There was an effect of kill success When the NMCD and MCD were applied, they did not require precision aiming, unlike the 457 MZIN, which meant that a kill success was easier to achieve. MCD does not require any providing sufficient stretching and twisting occurs, resulting in blood flow reduction to the brain.
501
The aim to achieve dislocation of the neck at C0-C1 was to ensure the damage and severing of Successful kills by the MZIN resulted in extensive trauma to the forebrain and the cerebellum.
521
This affected the functioning of several systems e.g. motor systems (unconscious and conscious), 522 cognition, respiration and reflexes (Whittow 2000 as a hard surface to rest the bird on, which could be deemed impractical in an on-farm situation.
535
There was also a health and safety concern with the device, as it is a captive bolt and therefore 536 great care is required during its use, and as such safety equipment must be worn (e.g. gloves, 537 safety goggles) (Pizzurro 2009a; Pizzurro 2009b could make it more difficult to stop or minimise blood flow to the brain stem, which controls jaw 579 tone (Solomon, 1990; Whittow, 2000) . MCD and NMCD did cause sufficient damage to the 
597
The majority of birds showed convulsive wing flapping and leg paddling, which has been 
Conclusion and Animal Welfare Implications
604
The NMCD was effective at killing layers and broilers of various ages and weights reliably and humane of the three methods tested here due to their 100% success rate and inducement of rapid 613 reflex loss; indeed a high proportion of birds never showed reflexes at all post-application.
614
Collectively, these results suggest that NMCD is the most promising device in terms of kill 615 success rate (reliability), humaneness and consistency of the methods tested here.
616 617
